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Disclaimer

This study has been carried out for the European Aviation Safety Agency by an external
organisation and expresses the opinion of the organisation undertaking the study. It is
provided for information purposes only and the views expressed in the study have not been
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representation, undertaking, contractual, or other commitment binding in law upon the
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Executive Summary

This report details the methods, results and conclusions of the project entitled “SAMPLE III:
Contribution to aircraft engine PM certification requirement and standard”. This project was
funded via the European Aviation Safety Agency (EASA) under the Specific Contract N°:
SC04 Implementing Framework Contract N°. EASA.2010.FC10. The purpose of this
specific contract is to upgrade the EASA owned APC (AVL Particle Counter Advanced) to
comply with SAE AIR6241.

In order to deliver the aforementioned objective it was necessary to perform the following
task namely;
e Exchange the CPC contained in the APC with a compliant one.

To deliver the above task parts were performed which are detailed below.
e Transport APC to AVL List Gmbh (Graz, Austria)
e AVL liaise with TSI to provide upgraded and calibrated CPC to AIR6241
specifications
e AVL to provide document evidence of upgrade and is SAE AIR6241 compliant
e APC is shipped back to the consortium

Key results from this study:

1. The EASA owned particle number measurement device within the AVL APC was
upgraded to meet SAE AIR6241 specifications.

2. In conjunction with Task 3 SAMPLEIII SCO03, the non-volatile number measurement
in the European reference system will be SAE AIR6241 compliant.



1. Introduction

The global effects of aircraft PM emissions are a key concern from the point of human health
and climate change. Controls on aircraft emissions and maintaining compliance for local air
quality standards on European airports is expected to be a significant issue in some cases.
Whilst significant effort is being made to identify, quantify, model and predict these effects
there is still a sizeable amount of development work required to produce a working
specification for the absolute measurement of emissions of PM. Both mass and number
emission concentration will need to be measured in a format that can act as a standardised test
under engine certification conditions. Other known aircraft emission challenges include
accurate, traceable quantification of volatile emissions, especially aerosol precursors.

Control of PM emissions is one of the top priorities of the ICAO/CAEP (Committee on
Aviation Environmental Protection). As a first step towards establishing a non-volatile PM
Standard, CAEP, in 2010, remitted its Working Group 3 (WG3) to:

“Evaluate and document sampling and measurement methodologies for aircraft
engine non-volatile PM emissions. Note input from SAE-E31.” [Remit E18.01]

“Develop an aircraft engine based metric and methodology for application as a non-
volatile PM emissions certification requirement for new engine types.” [Remit
E18.02]

With a target date of February 2013.

Furthermore there is an expectation that CAEP will have developed an International Standard
for PM by the end of its next 3 yearly cycle [2016].

WG3, with support of EASA and other Regulatory Agencies (Swiss FOCA, UK CAA, US
FAA, Transport Canada & US EPA) requested the SAE E-31 to provide a non-volatile PM
mass and number Aerospace Recommended Practice (ARP) document ready for formal
approval by ballot of E31 members (a ‘ballot-ready document’) by February 2013. The SAE
E-31 PM sub-committee has been working on developing appropriate sampling and
measurement methods for aircraft non-volatile PM emissions, but has expressed severe
reservation about meeting the time scale requested by CAEP for a fully developed document.

EASA funded a 1 year study (known as the SAMPLE project), commencing in October 2008,
which was one of the first collaborative programmes designed to evaluate the applicability of
a number of modern measurement techniques whilst assessing the nature of PM. Conclusions
from the original SAMPLE programme (EASA.2008.0P.13, 2009) suggested that calibration
of the measurement techniques is critical. EASA then funded another year’s study (SAMPLE
I1), which commenced December 2009. This collaborative effort was to determine the effect
of the sampling line, in terms of its construction and operation on the exhaust sample being
presented to the analysers compared with the exhaust sample at the engine exhaust plane.
Conclusions from the SAMPLE Il study (EASA.2009.0P.18, 2010) noted that sample line
residence time appears to be a key parameter to PM losses and that VPR efficiency is difficult
to analyse and hence a specific lower size PM cut-off may be required to reduce uncertainty.
EASA then funded Specific Contract 01 (SC01) within SAMPLE Ill, a 4 year frame-work



contract (EASA.2010.FC.10) commencing December 2010. This work developed a concept
sampling system in terms of components, manufacture and operability.

Whilst previous studies during SAMPLE & SAMPLE Il have quantified the nature of PM
and the interaction between PM and the transport process used to convey it from the point of
generation to the point of measurement, and SAMPLE 11l (SC01) developed a robust well
defined sampling system which has been adopted as the SAE E31 concept for PM sampling.

SAMPLEIII (SC02) compared two nominally identical SAE E31 AIR6241 compliant
systems. Based upon this, and other international work, SAE E31 developed a measurement
standard (AIR6241) for non-volatile Particulate Matter measurement for aircraft engines.

Task 3, in progress within SAMPLEII SCO3, is to construct and validation of a AIR6241
compliant European reference sampling system to provide confidence in system measurement
uncertainty/repeatability via intercomparison with other AIR6241 compliant systems, and
also could be used to obtain additional engine PM datasets. A compliant AIR6241
measurement system necessitates that the instrumentation (number and mass) aswell as the
sampling system must be compliant.
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2.  Objectives of the study

The work detailed in this report is only determined with the implementing framework
contract EASA.2010.FC10 (SAMPLE I11) specific contract SCO4.

The objective of this specific contract is to upgrade the APC to make it AIR6241 compliant.

EASA required the SAMPLE I11 consortium to conduct the following task in order to support
the above objective:

e Task: Exchange the CPC contained in the APC with an AIR6241 compliant one.
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3. Task: Exchange the CPC contained in the APC with an AIR6241
compliant one

3.1 Introduction

Task 3 of specific contract SC03 of Framework Contract EASA.2010.FC10 is to construct
and validate the SAMPLEIII sampling system as an AIR6241 complaint sampling system via
comparison with other AIR complaint systems.

The APC (AVL Particle Counter Advanced) owned by EASA is part of this sampling system.
The CPC (Condensation Particle Counter) contained in the APC is no longer AIR complaint
since it does not conform to the newest specifications defined by the SAE-E31 Committee.

Therefore the APC needs to be upgraded to make it AIR complaint. The current CPC is
Model TSI 3772 and has been replaced by Model TSI 3790-E.

3.2 Replacement CPC TSI3790-E specifications

SAE AIR6241 outlines all the CPC specification requirements in Section 6.2.1.

CPC TSI Model 3790-E is based upon the CPC Model 3790 but with slight performance
modifications required to meet the SAE specification.

The Model 3790 meets many of the AIR6241 CPC specifications, however, as there are
significant differences between the two CPC models, TSI have provided an Addendum to the
CPC Operation and Service manual to show the key instrument specifications. The manual
Addendum is shown in Figures 1 & 2.



Model 3790E
Engine Exhaust
Condensation Particle Counter

Addendum to PN 1933802 Model 3790 Operation and Service Manual

The Model 3730E Engine Exhaud Condenszation Padicle Courter is designed specifically for use in
aircratt turbine engine emizsion teging applications sz recommended by SAE Aerozpace Information

R eport 6241 : Procadure for Continuous Sampling and Measurement of Mon-YYolatile Particle Emissions
from Aircraft Turhine Engines (AR 624171 The Model 3790E functions inthe same manner as the Model
A7A0Engine Exhaus Condensation Particle Counter with slight perform ance modifications reguired ta
meet the E31 specification. &2 zuch, the Model 3790 Operation and Service Manual (P 19332802
should be referred to for all Warranty, =afety, Operational and Technical information.

Pleasze note, however, that the Model 3790E operates with a different counting efficiency curve than the
Model 3790, In acocordance to the AR E241 specification the counting eficiency afthe Model 3730E is
=50% at 10nm and =90% at 15nm.

Mate alzothe following table of key ingrument specifications for the Model 3Y30E. Al other spedfcations
remain unchanged from the Model 3790,

Figure 1 CPC Manual Addendum for TSI 3790-E page 1



Model 37I0E Condensation Particle Counter Key Specifcations

Lower particle size
characteristics az per E31 ... Counting eficiency =50% 5t 10 nm .
Counting eficiency = 90% at 15 nm.
Vetified with D MA-Clazzified emery oil paricles as per

Max. detectahle particle ... AR E241.
= 3pum
Particle concentration range . Oto 1 = 10* pariclesiom, single paticle counting with

continuaus, livedime coincidence correction that can
ke turned off, as per AIRE241

Particle concentration 0% at =1 =10* p:usnr‘ti-:ine:ssﬁ:m:1I compared to standard
ACCUNACY. ... as per ARE24
Concentration Linearity ... .. Linear responss from 1 to 10 particlesiom 2 nith
coefiicient of determination (R<) 20 .97 as per ARE241
Calibration Method .............. .. Calibrated against aerosol electrom eter and
electrostatically claszified emery oil az recommended
by AIREZ241
Rezponsetime...................... = 5 secto 959% in response to concantration step
change
Aerosol flowrate ... .. 1000 + 50 u:mj.l'min; MIST traceable
0 perating temperatures
Saturatar 39°C £0.2°%C (nominal*)
COndenser..........i 22°C x0.2%C (mominal¥)
Optics 40°C £0.2°C
Falze background counts ... .. 0.001 particleicm 3, based on 12-hr average

* The actual value iz zet to meetthe AIRE241 efficiency curve spedfications.

‘@’ UNDERSTANDING, ACCELERAT D

Til I'Il:l:ll'plllmtﬁﬂ = WEon rwets e wens lleom Brmoe fomaton.

Uga Tol :+1 TO374 2811 Inda Tal ;421 8067577 00
UK Tol ;+4d 143 4 392000 China Tal (486 103251 6555
Francs Tol :+334 31 118764 Blngapore  Tal +H55 65956328

Garmany  Tell+4324 5323030

THAIEH3 S0 T=I roomoraied Frinked In U=A.

Figure 2 CPC Manual Addendum for TSI 3790-E page 2



3.3 AIR6241 CPC calibration specifications

SAE AIR62421 outlines the CPC calibration requirements in Section 6.2.3.

“Calibration shall be traceable to a standard calibration method (ISO 27891): By comparison
of the response of the CPC under calibration with that of a calibrated aerosol electrometer
when simultaneously sampling electrostatically classified calibration particles

Calibration shall be undertaken using at least six standard concentrations spaced as uniformly
as possible across the CPC’s measurement range. These points will include a nominal zero
concentration point produced by attaching HEPA filters, or equivalent performance, to the
inlet of each instrument. With no calibration factor applied to the CPC under calibration, for
the non-zero measured concentrations, the CPC shall be within +10 per cent of the standard
concentration for each concentration used. The gradient from a linear regression of the two
data sets shall be calculated and recorded. A calibration k factor equal to the reciprocal of the
gradient shall be applied to the CPC under calibration. Linearity of response is calculated as
the square of the Pearson product moment correlation coefficient (R?) of the two data sets and
shall be equal to or greater than 0.97. In calculating both the gradient and R? the linear
regression shall be forced through the origin (zero concentration on both instruments).

Calibration shall also include a check on the CPC’s detection efficiency with particles of 10
nm and 15 nm electrical mobility diameter. The CPC shall have a counting efficiency of
>50% at 10 nm and >90% at 15 nm.

The calibration aerosol shall be Emery oil, or an aerosol that can be shown to provide an
equivalent response. For example, if the efficiency curve is measured with a different
aerosol, such as soot, the correlation to the Emery Oil curve must be provided as a chart that
compares the counting efficiency obtained using both test aerosols.”

3.4 CPCreplacement calibration

A TSI 3790-E CPC (serial number 3790132002) replaced the original TSI 3772 CPC within
the AVL APC. The calibration certificate (Figure 31) shows that the replacement 3790-E
CPC meets all the specifications outlined in section 3.3.

11



CPC MODEL 3790E CERTIFICATE OF CALIBRATION

22-May-2013|Date

3790132002 |Serial Number

Test Aerozal: Emery Oil

Particia Siza Usad in Linaarity Tast; 41 nm

Inlet Flow Units Low Limit High Limit
09988 Weazured Flow (Volumetric) Lfrnin 095 1.05
0.887 Calculated Flow (Standard) SLimin - -
Standard Condifions, 0= C, 101.3 kFa
Temperature and Pressure Units Low Limit High Lirnit
2022 Room Temperature s - -
44% Room Relative Humidity -
966 Room Baromatric Prassura kPa - -
39 Saturator Temperature E 30 40
22 Condenser Temperature E 20 24
40 Cptics Temperature s 398 402
323 Cabinet Temperature s 20 35
865 Prassure Drop Across Orifice kPa 70 88
0624 Praessure Drop Across Nozzle kPa 02 1
Laser Check Unitg Low Limit High Limit
Laser Power (Measurad) M 14 20
Optics Units Low Limit  High Limit
40 Laser Gurrent Reading ma, 12 -
1.0 hinimum Pulze Height W 1 3.685
320 Winimurn Pulse Width ns 230 450
33 haximum Pulse Height W 2 365
840 Waximum Pulze Width ns 230 950
N
Zero Count Test Units Low Limit High Limit
0.0003  |Concentration Average Over 12 Hours plce 0 0.001
Lower Dataction & Concentration Linearity Test Results Units Low Limit High Limit
£3.2% 10 nm Particle Counting Efficiency - 50% -
98 1% 15 nm Particle Counting Efficienay = 90% -
99 1% Linearity Tast: Slope (upto 10,000 pioc) = 0% 110%
09989 Linearity of Regrassion (FF) = 0.97 =
Final Voltage Measurements
Pazs Analog Input and Output Voltages
Linearity Hesponse: GPC vs. Electromatar 30688 Units Low Limit High Limnit
Nominal Cone. JuT Elactromater YeDiff arencea
2000 ploc 1751.90 1836.99 -4.74% %o Diiff . -10% 10%
4000 ploc 3884 .33 4000 .24 -2 .90% e Diiff . -10% 10%
5000 ploc 578510 5812 53 -2 168% e Diiff . -10% 10%
8000 ploc 7a74.08 779778 -1.59% e Diiff . -10% 10%
10000 piee 1171308 1169977 0.11% e Diiff . -10% 10%

Figure 31 TSI 3790-E calibration certificate within EASA owned AVL APC

Figure shows the linearity response graph and proof laboratory test quality for the specific

CPC.
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Measurerment Wariahle

System 1D MNum ber

High Voltage Divider E003452
Voltage Measurement EO01315
Electrometer E003432
Aarasol Flow E001132
Classifier Flow EO03E74
Temperafure Measurem ant EQ03183
Barom edric Pressure Gage E001 502
Temperature’Humidity Gage E00Z2873
Bob Plautz
Calibrated By

Date Last Calibrated

Calibration Date Due

Jan 02, 2013 Jan 02, 2014
Jul 09, 2012 Jan 09, 2014
Sep i1, 2012 Sep 11, 2013
Oct 05, 2012 et 08, 2015
Aug 10, 2012 Aug 10, 2013
Jul13, 2012 Jul 13, 2013
Apr 04, 20153 Apr 04, 2014
Moy 08, 2012 MNov 08, 2013
22-May-2013

Calibration Date

Figure 4 CPC Linearity response and Quality Assurance evidence
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4. Conclusions
A summary of all of the task conclusions are presented below:

1. The EASA owned particle number measurement device within the AVL APC was

upgraded to meet SAE AIR6241 specifications.

2. In conjunction with Task 3 SAMPLEIII SCO03, the non-volatile number measurement
in the European reference system will be SAE AIR6241 compliant.

14
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